Calcium and vitamin D are critical in attenuating metabolic Ca insufficiency often observed in older hens. We investigated interactive effects of dietary Ca and top-dressed 25-hydroxy vitamin D3 (25OHD3) on egg production, eggshell quality (thickness, EST, and breaking strength, ESBS), serum Ca, kidney, liver, and bones attributes in 74-wk old Lohmann LSL-lite layers. A total of 4 levels of Ca (3.0, 3.5, 4.0, and 4.5%) and 3 levels of 25OHD3 (0, 69, and 138 μg/kg) were tested. All diets had basal level of 3,300 IU of vitamin D3/kg, were allocated to 84 individually housed hens (n = 7), and fed to 81 wk of age. Dual-energy X-ray absorptiometry was used to measure bone mineral content (BMC) and density (BMD) in left ulna, femur, and tibia at week 74 (13 spare birds, baseline) and week 81. Birds fed diets containing 3.0, 3.5, 4.0, and 4.5% Ca consumed 3.4, 4.1, 4.2, and 4.8 Ca g/b/d. Interaction (P < 0.05) between Ca and 25OHD3 was such that 25OHD3 linearly increased egg weight and percentage of eggs graded as jumbo (≥70 g) at 3.0, 3.5, and 4.5% Ca levels. There was no interaction (P > 0.05) between Ca and 25OHD3 on the rest of the parameters. Calcium increased EST and ESBS quadratically (P < 0.05), EST increased with Ca intake up to 4.1 g of Ca/b/d whereas Ca intakes (3.4 and 4.8 g of Ca/b/d) had poor ESBS relative to intermediate Ca intakes. Kidney ash concentration increased linearly (P = 009) with Ca intake. However, BMC and BMD in ulna, tibia, and femur declined (P < 0.05) at week 81 relative to baseline. In conclusion, top dressed 25OHD3 linearly increased egg weight at various Ca intakes with no negative effect on eggshell quality or bone attributes. Feeding 4.1 to 4.2 g of Ca/b/d improved eggshell quality, however, higher intake deteriorated eggshell quality and increased renal ash accumulation with no benefit on skeletal integrity.
INTRODUCTION
Eggshell strength is vital in ensuring the integrity and safety of the egg contents and inferior eggshell quality leads to approximately 10% downgraded eggs at grading station (Kemps et al., 2006) . Egg formation is a highly dynamic process and requires availability of nutrients at certain times in a 24-h cycle. Among the indispensable nutritional factors for eggshell, adequate availability of Ca plays a crucial role as it makes up 40% of the eggshell (Kebreab et al., 2009 ). In addition to Ca role in supporting eggshell quality, Ca provides bone structural strength (de Matos, 2008) . Required Ca for eggshell formation is derived from intestinal absorption and mobilization in the medullary bones (Almeida Paz et al., 2006) . Along with progression of egg production cycle, egg weight (EW) increases, internal quality deteriorates, and eggshell becomes thinner and subsequently hen ceases laying egg (Almeida Paz et al., 2006) . Under these circumstances, efficient Ca metabolism and health status play a vital role to ensure saleable eggs (Rossi et al., 2013) . Nutritionists often modify dietary Ca to prevent decreasing eggshell quality as hen ages based on notion that Ca requirement for shell formation increases with EW (Keshavarz and Nakajima, 1993) . However, intestinal Ca absorption decreases with age and therefore bone mineral reserves are critical for eggshell and skeletal integrity in older hens (Cheng and Coon, 1990) .
Calcium homeostasis is achieved through intestinal absorption, renal excretion, and bone metabolism as regulated by parathyroid hormone (PTH), calcitonin, vitamin D3, and sex hormones (de Matos, 2008) . Extensive research has been conducted on the impact of dietary Ca and vitamin D3 on eggshell quality and bone health (Keshavarz, 2003; Kaur et al., 2013) . Since vitamin D3 is a calcitropic hormone, it has crucial functions in intestinal Ca absorption and major regulatory role in bone metabolism and strength (Sanders and Edwards Jr, 1991) , and thus it is widely used as a feed supplement in different forms (Rath et al., 2000) . The common form of supplemental vitamin D3 is cholecalciferol. Following absorption by intestinal mucosa, cholecalciferol is transported to the liver for conversion to and subsequently to 1,25-dihydroxycholecalciferol (1-25OHD3) via carbon 1 hydroxylation in the kidney (Do Nascimento et al., 2014) . Soares Jr et al. (1995) showed that 25OHD3 is the most active precursor for 1-25OHD3 and circulating levels of 25OHD3 effectively provide vitamin D3 status. Daily synthesis and export of large amounts of protein and lipid for egg formation is a continuous challenge to liver metabolism over the lay cycle (Bain et al., 2016) . In a previous study, Keshavarz (2003) suggested that dietary provision of 25OHD3, bypassing the first stage of conversion in the liver, could be beneficial in promoting absorption of Ca for bone and shell formation. However, the author did not observe any difference between 25OHD3 and vitamin D3 in supporting hen performance and eggshell quality.
Egg production has dramatically increased over the 3 decades. For instance, Anderson et al. (2013) reported year over year improvements in egg production rate, egg weight, and feed conversion ratio (FCR) and decrease in body weight in commercial flocks from 1958 to 2011. Early work showed that 60-75% of Ca in egg shell was derived from the dietary sources whereas 25-40% was from the skeletal stores (Comar and Driggers, 1949) . It is apparently not known what proportion of Ca the modern layers draw from these sources for its daily egg shell formation needs; however, given its low feed intake capacity, one could speculate the proportion drawn from bone reserves could be higher. Interestingly, the daily Ca requirement recommended by NRC decreased from 3.85 (NRC, 1984) to 3.25 g of Ca/b/d in the latest NRC edition (NRC, 1994) . Keshavarz (2003) indicated that the egg industry feeds higher Ca levels than NRC recommendations. Diets containing Ca below the nutritional requirements impair performance and egg quality (NRC, 1994) . On the other hand, excessive dietary Ca can reduce feed intake, cause soft feces, and increase chalky deposits in the eggshell (Castillo et al., 2004) . Subsequently, further studies should evaluate whether application of suggested Ca by NRC (1994) for the current highly productive strains can supply sufficient Ca to support egg production, eggshell quality, bone health, and metabolic Ca status. Moreover, there is dearth of recent data on the interaction between Ca and 25OHD3 on egg production, eggshell quality, and bone attributes in laying hens in late lay cycle. Thus, we aimed to evaluate interactive effects of different dietary levels of Ca and top dressed 25OHD3 on egg production, eggshell quality, serum Ca concentration, kidney, liver, and bones attributes in 74-wk old Lohmann LSLlite layers. 
MATERIALS AND METHODS

Birds and Management
The experimental protocol was approved by the University of Guelph Animal Care Committee and birds were cared for in accordance with the Canadian Council on Animal Care guidelines (CCAC, 2009) .
Experimental Diets
The diets were formulated to meet or exceed specifications of "Lohmann LSL-lite" (Lohmann, 2016) with exception of Ca (Table 1) . A total of 4 levels of Ca (3.0, 3.5, 4.0, and 4.5%) and 3 levels of top-dressed 25OHD3 (0, 69, and 138 μg/kg) were tested. Sample of 25OHD3 (1.25% 25OHD3, Hy-D R ) was donated by DSM Nutritional Products Ayr, ON, Canada. Limestone was included at ratio of 5.7:1 (wt/wt) coarse (≥2 mm) and fine (<2 mm) limestone. All diets had a basal level of 3,300 IU of vitamin D3/kg.
Experimental Procedures and Sampling
A total of 97, 72-wk old Lohmann LSL-lite hens were randomly selected from the University of Guelph, Arkell Poultry Station flock maintained in conventional cages (5-6 hens per cage). The birds were placed in individual cages of 18 inches deep, 16.5 inches high in the back, 18 inches high at the front, and 10 inches wide, which gave 1.25sq/ft of floor space in an environmentally controlled room (20
• C) and fed a regular layer mash for two weeks period for adaptation to cages and for recording egg production data as basis for experimental diets allocation. The birds received 14 h of incandescent light (15 lux, 06:00 to 19:00 hr) and 10 h of dark per day. Based on prior 2-wk egg production, 84 hens were allocated to 12 treatments in a completely randomized design to give 7 replicates per treatment. The 13 spare birds were sacrificed for baseline liver, left tibia, femur, and ulna samples. Birds had free access to feed and water up to the end of 81 wk of age.
Egg production was recorded daily. Feed intake and BW were recorded weekly. All eggs produced in the last 2 consecutive days of the week were submitted for measurement of egg quality. Within the last 4 d of the experiment, hens were palpated in early hours (04:00 to 06:00 hr, pre-oviposition) prior to lighting at 06:00 hr and hens with hard shell in the shell gland were selected. Blood sample was taken from wing vein by using sterile syringe with a 22-gauge needle (0.7 × 32 mm). The blood samples were centrifuged at 2,000 rpm for 10 min at 4
• C and supernatant were stored at −20 • C until for further analyses. Hens were subsequently sacrificed by cervical dislocation; liver and kidney weighed and frozen for further analyses. The left tibia, ulna, and femur were taken, partially defleshed and frozen at −20
• C until further analysis.
Sample Processing and Analyses
Eggshell thickness (EST) and eggshell breaking strength (ESBS) were measured according to Mwaniki et al. (2018) . Briefly, gel was applied on the egg and EST (mm) measured using a high-resolution nondestructive device with precision ultrasound (ORKA Food Technology Ltd., Ramat HaSharon, Israel). Eggshell breaking strength (kgf) was measured by Force Reader (ORKA Food Technology Ltd.) that records the breaking point of the egg shell by applying mechanical force on vertically placed egg on the cradle. The Canadian EW grade standard (Egg regulation, 2018) was used to grade eggs: pee wee (<42 g), small (42-49 g), medium (49-56 g), large (56-63 g), extra-large (63-70 g), and jumbo (≥70 g).
Feed samples were submitted to a commercial lab (SGS, Guelph, ON, Canada) for determination of Ca concentration (985.01; AOAC, 1995) . Serum Ca was analyzed at the Animal Health Laboratory (University of Guelph, Guelph, ON, Canada) using flame photometry. Liver and kidney samples were weighed, freeze dried, and re-weighed to calculate dry matter (DM) content. A portion of liver sample was further analyzed for crude fat concentration using ANKOM XT 20 extractor (ANKOM Technology, Macedon, NY). The kidney samples were ashed at 600
• C in a muffle furnace for overnight to determine ash concentration (Clunies et al., 1992) .
Bone mineral content (BMC) and mineral density (BMD) in ulna, femur, and tibia samples were analyzed using Prodigy dual-energy X-ray absorptiometry (GE Healthcare, Madison, WI, USA) equipped with en-CORE software (version 14.0, GE Healthcare, Madison, WI, USA) set on "small animal analysis" method with measurement features of 196.7 cm and 60.0 cm for length and width, respectively.
Statistical Analyses
Data were subjected to GLM procedures of SAS with Ca, 25OHD3 and interaction being the fixed effects. Contrast coefficients for linear and quadratic effects of Ca and 25OHD3 were generated using the interactive matrix language of SAS (Snedecor and Cochran, 1980) . Significance was declared at P < 0.05.
RESULTS
Feed Intake, Egg Production, Quality and Grading
Analyzed Ca concentration in the diet calculated to contain 3.0% Ca was 3.69, 3.59, and 3.51% for 0, 69, and 138 μg of 25OHD3/kg, respectively; corresponding values for 3.50% Ca diets were 4.44, 4.78, and 4.08%, for 4.00% Ca diets were 4.83, 4.52, and 4.19, and for 4.5% Ca diets were 5.18, 4.80, and 5.48%, respectively. Average daily feed intake was not affected by interaction between Ca and 25OHD3 or main effects (Table 2) . Based on feed intake and assayed Ca, Ca intake was 3.38, 4.10, 4.24, and 4.79 g of Ca/b/d for birds fed diets calculated to contain 3.0, 3.5, 4.0, and 4.5% Ca, respectively. The observed interaction between Ca and 25OHD3 (P < 0.001) on Ca intake was a result of somewhat lower analyzed Ca concentration in 4.50% Ca diet containing 69 μg of 25OHD3/kg. Hen day egg production (HDEP), egg mass (EM) (HDEP multiplied by EW) and FCR were not influenced (P > 0.05) by interaction between Ca and 25OHD3 or main effects (Table 2 ). An interaction (P = 0.035) between Ca and 25OHD3 was observed for EW such that 25OHD3 linearly increased EW at 3.0, 3.5, and 4.5% Ca intake levels. In general, Ca level had no (P = 0.092) effect on EW.
There was no (P > 0.05) interaction between Ca and 25OHD3 or 25OHD3 effect on EST and ESBS (Table 3) . Dietary Ca affected EST quadratically (P = 0.027), increasing with Ca intake of 3.4 to 4.1 g of Ca/b/d and decreasing with further Ca intake. Similar quadratic response to Ca intake (P = 0.011) was observed for ESBS such that lowest and highest Ca intake (3.4 and 4.8 g/b/d) had poor ESBS relative to intermediate Ca intakes. The number of cracked and shell less eggs were low and not affected (P > 0.05) by treatments except that increasing Ca intake tended (P = 0.09) to increase percentage of shell-less eggs (Table 3) . There was no (P > 0.05) treatment effect on percentage of small, medium, and extra-large egg grades (Table 4) . Although there was no (P > 0.05) interaction between Ca and 25OHD3 or main effects of Ca on large egg grade, feeding 25OHD3 linearly decreased (P = 0.012) percentage of large eggs and Ca intake tended (P = 0.079) to increase percentage of large eggs. Jumbo EW grade was affected by interaction between Ca and 25OHD3 (P = 0.036) such that 25OHD3 linearly (P < 0.001) increased percentage of jumbo weight grade at Ca level of 3.0, 3.5, and 4.5%. Generally, feeding 25OHD3 increased (P = 0.025) percentage of large grade jumbo egg.
Liver, Kidney, and Bones Attributes
Liver weight, DM content, and crude fat concentration were not (P > 0.05) affected by dietary treatments and their interaction (Table 5) . However, compared with the baseline (74-wk old birds), 81 week of old birds exhibited lower (P = 0.018) liver DM content in concomitant with an increase (P < 0.001) in concentration of crude fat (Table 5 ). Ash concentration in the kidney was linearly enhanced (P = 0.009) from 8.68 to 10.77% in response to increasing Ca intake (Table 5) . Circulating serum Ca was neither influenced by dietary treatments nor their interaction (P > 0.05; Table 5 ). Neither the interaction between Ca and 25OHD3 nor the main effect of Ca or 25OHD3 affected BMC and BMD of ulna, femur, and tibia (P > 0.05; Table 6 ). However, compared with 74-wk old baseline birds, 81-wk old birds showed a decline in BMC and BMD in tibia, femur, and ulna. Specifically, BMC and BMD decreased (P < 0.05) by 11.8 and 10.12% for tibia, 46.9 and 21.4% for femur, and 11.4 and 9.4% for ulna, respectively.
DISCUSSION
In agreement to our findings, Do Nascimento et al. (2014) reported no interaction between levels of Ca (2.85, 3.65, 4.45, and 5.25%) and different sources of vitamin D (cholecalciferol, 25OHD3, and 1-25OHD3) on feed intake. Our findings showed that Ca intake from 3.4 to 4.7 g of Ca/b/d had no effect on feed intake, Pastore et al. (2012) reported that production performance was not affected in aged layers with Ca intake (3.5 to 4.3 g of Ca/b/d) with AP levels ranging from 0.32 to 0.48%. However, Safaa et al. (2008) observed improvement in HDEP, EM, and FCR in response to Ca intake (4.1 and 4.6 g of Ca/b/d) with AP levels of 0.29 and 0.33%, respectively, in Lohmann brown hens from 58 to 73 wk of age. There are few reports on interactive effects of dietary Ca and 25OHD3 on EW in older hens, moreover, in late cycle the egg size is often not a production goal as dietary interventions at this stage are to improve deteriorating eggshell quality. Keshavarz (1996) reported that Ca intake (3.1 to 4.2 g of Ca/b/d) and cholecalciferol intake (6.25 to 50 μg/b/d) did not influence egg grade in Babcock B300 from 54 to 66 wk of age. Supplementation in form of 25OHD3 (2,000 IU equivalent) resulted in 1.48% improvement in EW and 5.41% reduction in FCR compared to same amount of vitamin D supplemented as 1-25OHD3 (Do Nascimento et al., 2014) . Differences in observed responses to various sources of vitamin D may be explained by different utilization efficiencies of vitamin D metabolites, half-life of 1-25OH2D3 (4-6 h) and cholecalciferol (7 d) is shorter compared with 25OHD3 (21 d; Do Nascimento et al., 2014) . In addition, these discrepancies in responses of egg production traits to levels of Ca and 25OHD3 may result from different Ca forms and particle size (Keshavarz and Nakajima, 1993) , vitamin D metabolites (Do Nascimento et al., 2014) , AP, and Ca: AP ratio (Pastore et al., 2012) , hen age (Pastore et al., 2012) , molting, (Do Nascimento et al., 2014) or even housing system (Neijat et al., 2011) .
Eggshell quality has considerable impact on the profitability of egg production enterprises. Poor eggshell quality occurs mainly in the last third of the laying cycle (Lichovnikova, 2007) . Calcium is one of the key nutrients required for optimal eggshell quality in laying hens (Kebreab et al., 2009) . Hens fed the diet with the lowest concentration of Ca ingested an average Ca level of 3.4 g of Ca/b/d, which was slightly higher than the requirement given by NRC (1994) . Although this intake was adequate to allow HDEP and EM to be statistically equivalent to that of hens fed higher Ca concentrations, it was not adequate for optimal egg shell quality as improvement in eggshell quality indices (EST) was observed with increasing Ca levels. An et al. (2016) observed linear enhancement of EST and ESBS with increasing Ca intake (3.7 to 5.1 g of Ca/b/d) in 70-wk old Hy-line brown hens fed by diets with 0.23% AP with no effect on egg production traits. On the other hand, no improvement in eggshell quality was observed with increase in Ca intake (3.4 to 4.9 g of Ca/b/d) with 358 mg of AP/b/d in 71-wk old ISA brown hens (Leeson et al., 1993) . Likewise, current study revealed Ca intake beyond 4.2 g of Ca/b/d did not lead in further improvement in EST and adversely affected ESBS. These quadratic responses may be linked to excess dietary Ca antagonism in minerals absorption and influences on homeostasis of these minerals (Pastore et al., 2012) . Imbalanced level of dietary Ca and AP as well as their ratio lead in reduction of eggshell, size, and egg production (Pastore et al., 2012) . Egg laying and shell calcification impose severe extra demands on ionic Table 4 . Grades of egg from hens fed corn-soybean meal diets with different levels of Ca and top-dressed 25-hydroxy vitamin D3 (25OHD3) from week 74 to week 81 of age. 
Values with different superscripts within each column are significantly different (P < 0.05). 1 Canadian egg weight grade standard (Egg Regulations C.R.C, 2018) was used to grade eggs: peewee (<42 g), small (42-49 g), medium (49-56 g), large (56-63 g), extra-large (63-70 g), and jumbo (≥70 g).
2 n = 7. Ca 2+ homeostasis (NRC, 1994) . These demands induce vitamin D metabolism and expression. The metabolism of vitamin D is also altered indirectly by other processes associated with increased demands for Ca, such as bone formation and egg production. We did not observe effects of to-dressed 25OHD3 on eggshell quality, which might suggest the basal vitamin D was adequate.
The export of large amounts of protein and lipid into eggs during the laying period is a metabolic challenge to increasingly fragile and fatty liver of aging hens (Bain et al., 2016) . Calcium is necessary for blood clotting, which can be related to the capillary hemorrhages observed in fatty liver hemorrhagic syndrome. Calcium has been reported as an effective hypolipemic agent (Roland et al., 1985) . Neither Ca nor 25OHD3 affected wet liver weight, DM content, and crude fat concentration at 81 wk of age. In contrast, Roland et al. (1985) observed linear decrease in liver fat content in response to dietary Ca concentration of 1.0 to 3.4% fed to W36-Hyline through first egg production cycle. Parathyroid hormone, calcitonin, vitamin D3, and sex hormones regulate Ca homeostasis on the target organs including liver, kidney, gastrointestinal tract, and bone (Norman and Hurwitz, 1993) . Linear increment in kidney ash concentration as a result of increased Ca intake could be attributed to negative feedback of hypercalcemia on secretion of PTH and subsequently increase in Ca kidney for excretion (de Matos, 2008) . Earlier studies indicated that high Ca diets and renal accumulation might lead to kidney dysfunction (Wideman et al., 1983) . However, the physiological and nutritional implications of the renal ash accumulation observed in the current study were not apparently negative based on egg production and eggshell quality measurements. In contrast to our Frost and Roland Sr (1991) observed a linear elevation in serum Ca at 10-h post-oviposition in response to Ca intake (2.9 to 4.5 g of Ca/b/d) in 53-wk old DeKalb XL. An et al. (2016) observed no difference on serum Ca and P concentration in response to Ca intakes ranging from 4.2 to 5.6 g of Ca/b/d along with constant AP level of 0.23% in 70-wk old Hy-line Brown. Other reports concluded that serum Ca does not change when dietary Ca is adequate (Miller et al., 1977; Sloan et al., 1977) . Serum Ca increased linearly in response to increasing supplemental level of cholecalciferol from 12.5 to 37.5 μg/kg in 65-wk old W36 Hy-line at 10-h post-oviposition (Frost et al.,1990) . However, in agreement to our observations there were no effects on serum Ca concentration due to supplementation of 1-25OHD3 (Frost et al., 1990) .
Mineral reserve in the bones of laying hens is critical to egg production and skeletal integrity, since progressive decrease in the amount of mineralized structural bone leads to osteoporotic and fragile bones (Whitehead, 2004) . Thus, maximizing bone mineralization is important because it will increase bone strength and decrease problems related to leg weakness, morbidity, and mortalities. Calcium has been shown to affect bone status and mineralization of laying hens (Cheng and Coon, 1990) . Since bone mineralization is associated to compressional strength, BMC, or BMD have been used as the indices of bone strength measurements (Frost and Roland Sr, 1991) . Bone density is a reflection of BMC, although it can vary with concentration of organic matrix (Knott and Bailey, 1998) , such as intermolecular crosslinks of collagen, interaction of proteoglycans, and other non-collagenous proteins (Rath et al., 2000) . Pastor et al. (2012) did not observe any difference in tibia weight, ash content, and Ca and P content in response to Ca intake (3.5 to 4.3 g of Ca/b/d) in 42-wk old W36 Hy-line. Safaa et al. (2008) reported that tibia weight, density, ash, and Ca and P content were not influenced by Ca intake (4.1 to 4.6 g of Ca/b/d) with constant Ca:P (12:1), although improvement in egg production and egg quality traits were observed. Moreover, similar results were found by Rao et al. (2003) and Pelicia et al. (2009) . However, Roland et al. (1996) found increase in tibia density along with egg production traits by increasing Ca intake (2.1 to 4.2 g of Ca/b/d) with constant dietary level of AP (0.40%) in 21 wk-old W36-Hyline. The reason for these discrepancies in bone attributes responses might be due to differences in age, strain, dietary Ca levels , and environmental condition (Roland et al., 1996) . Calciumdeficient diet promotes Ca mobilization in bones to supply the requirements of the bird (Pastore et al., 2012) . It is possible that dietary Ca levels were sufficient to meet need of birds and based on aforementioned findings regarding ash content of kidney, excessive Ca was excreted through kidney rather than deposition in medullary bones.
Vitamin D is involved in Ca and P absorption, regulation of PTH, bone mineralization and mobilization, and plays a vital role in controlling incidence of bone disorders (Garcia et al., 2013) . In contrast with our findings, Frost et al. (1990) observed linear decrease in tibia ash at oviposition by increasing supplemental level of cholecalciferol from 12.5 to 37.5 μg/kg in 65-wk old W36 Hy-line. However, they did not observe any significant difference at 10 h post-oviposition or with supplementation with 1-25OH2D3 or lα-hydroxyvitamin D3. Source of vitamin D and sampling time relative to oviposition can be attributed to observed differences in the literature. We sampled pre-oviposition during active eggshell formation period as confirmed through palpation. Reducing BMC and BMD in ulna, femur, and tibia by increasing birds age can be explained by adverse change in active transport Ca, vitamin D-dependent Ca-binding protein in intestine, and decrease in efficiency in renal l-25OHD3 hydroxylation (Elaroussi et al., 1994) . Breeding companies claim intention of developing "long life" layer capable of producing 500 eggs in a production cycle lasting 100 weeks by 2020 (Bain et al., 2016) . In this context, Ca nutrition may need to be reconsidered in light of the genetic improvements and associated management practices including transitioning housing of high performing bird. The results of the current study showed the interaction between levels of Ca and top-dressed 25OHD3; 25OHD3 improved EW at Ca intake of up to 4.1 g of Ca/b/d without negative impact on eggshell quality and bone attributes. Eggshell quality indices responded to Ca intake in quadratic manner with Ca intake of 4.1 to 4.2 g of Ca/b/d improving eggshell quality without impact on egg production, BMC, or renal ash accumulation. Higher Ca intake increased renal ash (Ca) accumulation, which could predispose hens to kidney dysfunction and extra energy cost of excreting excessive Ca.
